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Abstract 
Hypervelocity launchers are used in a number science and engineering applications. The ability of the two-stage light-gas gun to launch 
relatively large and well characterized projectiles to hypervelocity has made it the launcher of choice for a wide range of hypervelocity 
impact research fields. However, practical concerns typically limit launcher operation to 8 km/s. This work will present the development 
of an explosively driven light-gas gun in which the linear implosion of a thin walled steel tube is used to dynamically compress helium 
gas, which subsequently expands to propel a projectile. Despite modest development efforts, the implosion-driven launcher has 
demonstrated the ability to launch a 0.36-g projectile to 10.4 km/s. This study will focus on a down-bore velocimetry experiment of an 
implosion-driven launcher using a photonic Doppler velocimetry system which was able to track the projectile velocity up to 7.8 km/s. 
The observed projectile acceleration is significantly higher than internal ballistic model predictions. It is proposed that mixing of ablated 
wall material with the light gas in the launcher driver is responsible for the anomalously high projectile acceleration. 
© 2015 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Hypervelocity Impact Society. 
  
Keywords: Hypervelocity Lancher, Ablation, Light Gas Gun, Photonic Doppler Velocimetry  
1. Introduction 
Light-gas guns are used extensively in the study of orbital debris and planetary impacts as well as fundamental studies of 
material response at high pressures. The extensive velocity and projectile mass capability (0.1-1000 g, 3-10 km/s) of the 
two-stage light-gas gun (2SLGG) has made it the tool of choice for a wide range of hypervelocity impact research 
applications. However, launcher wear concerns impose practical restrictions on the maximum pressure and temperature of 
the propellant, resulting in a well established velocity limit of 10 km/s, with operational limits of 8 km/s being typical [1]. 
The need to access greater impact velocities and pressures with well characterized flyers has motivated the ongoing 
development of hypervelocity launcher technologies with the potential of routinely exceeding the 10 km/s barrier. One such 
concept is the explosively driven light-gas gun, in which high-explosive is used to compress a light-gas whose subsequent 
expansion propels a projectile to hypervelocity. 
The implosion driven launcher (IDL), first developed by Physics International in the late 1960’s [2-5] uses the linear 
implosion of a thin walled steel tube to dynamically compress helium gas into a reservoir where it expands to accelerate a 
projectile through a launch tube. A schematic of the operation of the IDL is shown in Figure 1. The launcher driver 
(analogous to the pump tube of a 2SLGG) is composed of a thin walled steel tube surrounded by a layer of explosive and 
pressurized with helium gas. The high-explosive is initiated at the start of the driver and the resulting detonation wave 
progressively implodes the tube as it travels forward. The implosion of the steel tube forms a virtual piston that travels into 
the helium gas at the detonation velocity of the explosive. This drives a shock wave that travels ahead of the explosively 
formed piston and creates an increasingly long column of gas at a state of high pressure, temperature, and velocity. The 
shock wave travels into the reservoir and reflects off the projectile which sets it in motion. The reflected shock wave nearly 
stagnates the flow, resulting in a further increase in the helium gas temperature and pressure. The unsteady expansion of this 
high internal energy gas propels the projectile. 
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The use of explosives in the launch cycle, combined with the high driver gas temperatures and pressures (10 000 K, 
5 GPa) mean that the IDL is a single use device. However, the compact size and simple construction of the device result in a 
comparable per-shot cost to a 2SLGG, while not being subject to the gas temperature and pressure limits of a reusable 
launcher. The IDL program at McGill has used the scheme described above to launch projectiles ranging from 0.1 to 15 g 
up to velocities of 10.4 km/s (0.36 g) in good condition. Despite extensive work on the development of the IDL at McGill 
and during the Physics International program, the lack of experimental diagnostics which can be used to directly validate 
models and theories has made it difficult to develop an understanding of the effect of various design parameters on the 
velocity capability of the launcher.  
2. Experimental Details 
Gasdynamic launchers are typically difficult to diagnose, due to the complex and dynamic flow-field of the driver gas 
accelerating the projectile. Down-bore velocimetry offers the ability to directly monitor the projectile acceleration profile, 
offering valuable insight into the launch cycle dynamics and a benchmark for internal ballistics models. The extreme gas 
pressures and temperatures generated by the IDL as well as the rapid rate of projectile acceleration have meant that 
experimental diagnostics have been limited to measuring the terminal projectile velocity. Although some insight can be 
gained by developing models to predict the influence of non-ideal effects caused by the elevated gas pressure, temperature, 
and velocity on projectile launch [4, 6], the models are of limited value if they can only be validated by comparing them to 
the terminal projectile velocity. 
Using a Photonic Doppler Velocimetry (PDV) system [7], the velocity history of a 0.1-g 5 mm projectile was tracked 
from 0 to 7.8 km/s with an estimated time and velocity resolution of 0.1 μs and 10 m/s respectively. PDV is a laser based 
velocity diagnostic which operates by blending laser light reflected from a moving surface with the source laser signal. The 
moving surface induces a frequency shift in the laser light, which results in a beat frequency when the signals are combined. 
The beat frequency has a magnitude of 1.3 GHz per km/s of surface velocity for a 1.5 μm baseline frequency. An optical 
detector is used to convert the variation in the laser signal caused by the beat frequency into a time varying voltage signal 
which is recorded by a high speed oscilloscope. A sliding fast Fourier transform (FFT) can be performed on the data to 
identify the dominant beat frequency, thus offering a time-velocity history of the surface. The McGill system consists of a 
NP Photonics 1.5 μm laser source (PN: RFLSA-1-1-1550-N-NS0), a 13 GHz bandwidth MITEQ optical detector (PN:DR-
Figure 1: Schematic of the operation of an implosion driven launcher. 
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125G-A-FA), a Lecroy WaveMaster 813Zi-A oscilloscope with a sample rate of 40 GS/s and a bandwidth of 13 GHz, as 
well as a typical arrangement of optical components to blend the laser signals and feed them to the detectors [7].  
The PDV system was coupled to the launcher by threading an aluminum probe holder to the end of the launch tube, into 
which a 2.5 mm OZ Optics collimator (PN: LPC-05-1550-9/125-S-0.22-1.01GR-40-3A-3-4) was epoxied in place. Relief 
ports were milled into the probe holder to allow the gas ahead of the projectile, air initially at 1 atm, to escape before 
reaching the probe. The launch tube length was shortened from a typical length of 100 projectile diameters to 20 diameters 
(100 mm) in order to limit laser beam divergence before reaching the projectile. The launcher has a single explosive driver 
stage with a length of 180 mm and a diameter of 12.7 mm. The cylindrical projectile, which was composed of a magnesium 
alloy (ZK60-T5), had a diameter of 5.2 mm and a length of 2.5 mm. Further details on the launcher and projectile design 
can be found in the paper by Loiseau [8]. Two shock pins were inserted at the end of the driver to monitor the velocity of 
the precursor shock wave and its distance from the explosive virtual piston, in order to ensure the driver operated as 
expected [9-10]. Figure 2 shows a schematic of the experiment, including the PDV probe arrangement, the shock pins, and 
details of the launcher design characteristics. 
3. Results 
The PDV data obtained from the experiment was used to construct the spectrogram shown in Figure 3, which displays 
the normalized intensity of the frequency components of the signal as a function of time on a contour plot. The frequency 
axis is plotted as velocity using the surface velocity to beat frequency conversion for PDV described above, resulting in a 
time-velocity history of the projectile surface. Details of the sliding window FFT analysis used to generate the spectrogram 
can be found in Table 1. It should be noted that the time axis zero for the experiment corresponds to the initiation of the 
detonation in the driver. Also of interest is the fact that the PDV signal appears to be lost as the projectile reaches a 
frequency band near 7.8 km/s. By integrating the time velocity history of the projectile, we can estimate the projectile 
position at this point to be 72 mm, which means the projectile and air shock should not yet have reached the PDV probe. It 
is believed that this velocity represents the practical velocity limit of the PDV system. A surface velocity of 7.8 km/s 
corresponds to a signal frequency of 10 GHz. Although this is within the bandwidth of the detector and oscilloscope, sample 
rate limitations (40 GS/s) mean that only four samples are recorded per signal period, which appears to become insufficient 
to extract signal frequency information. 
Table 1: Parameters used to perform the sliding fast Fourier transform (FFT) on the PDV data. 
Parameter Value 
sample rate 40 GS/s 
FFT window width 4000 samples, 0.1 μs 
FFT window step size 0.025 μs 
FFT window function Hamming 
FFT velocity resolution 0.6 m/s 
 
Figure 2: Schematic of the PDV experiment including a picture of the launcher (left) and a labelled section view drawing of the launcher components 
(right). 
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The shock pins shown in the Figure 2 schematic are piezoelectric sensors which rest against the driver tube such that they 
produce a sharp voltage signal as the shock wave in the helium passes over their position. Using the time differential 
between the two pin signals and the initiation of detonation at the beginning of the driver tube, it is possible to obtain the 
shock velocity and the standoff between the shock and the detonation (virtual piston). In this manner the pump tube 
operation can be compared to that of an ideal system: a 7 km/s planar piston travelling into an ideal helium gas. A 
comparison of the shock pin results with those of an ideal system is shown in Table 2. As can be seen, the experimental 
values are very close to ideal, as is expected for a short driver (length to diameter ratio of 35) [9]. 
 
Table 2: Comparison of the helium shock wave velocity and standoff from the virtual piston measured using shock pins to an ideal system. 
Parameter Measured Ideal % Difference 
shock arrival at pin 1 37.1 μs 36.3 μs 2.1% 
shock arrival at pin 2 39.1 μs 38.3 μs 2.0% 
shock velocity 9.53 km/s 9.44 km/s 0.9% 
standoff 88.3 mm 93.6 mm -5.7% 
 
4. Comparison to Internal Ballistics Model 
The PDV data presented as a spectrogram in Figure 3 can be used to extract a time-velocity curve for the projectile which 
can then be compared to an internal ballistics model. The time-velocity curve extracted from the PDV data for the projectile 
is shown in Figure 4a, while Figure 4b shows a plot of projectile driving pressure and acceleration as a function of velocity. 
The experimental pressure curve was produced by fitting a quadratic curvefit to the time-velocity data and differentiating 
the curvefit to obtain acceleration. While this method has its limitations, notably near the extremities of the curvefit, it 
provides a reasonable estimate of the evolution in the projectile driving pressure which can be directly compared to an 
internal ballistics model. 
Also shown in Figure 4a and 4b are model results obtained using a quasi-one dimensional internal ballistics code (IBC) 
developed specifically to simulate the IDL [6]. The model is based on a second-order accurate Lagrangian finite difference 
scheme with artificial viscosity developed by von Neumann and Richtmyer [11]. The IBC treats the projectile as a lumped 
Figure 3: Spectrogram showing the time-velocity history of the projectile in the down-bore velocimetry experiment. 
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mass, which means that it cannot reproduce the initial shock in the projectile seen in the PDV data. The launcher driver is 
simulated by moving a planar piston into a rigid tube of helium gas at the explosive detonation velocity (7 km/s). As was 
discussed in the Results section, this is a good approximation for a short driver. The helium gas is treated as a perfect gas 
and friction and heat transfer losses are neglected. For the ideal simulation, the walls of the launcher have been assumed to 
be rigid. Such simulations typically over predict the terminal projectile velocity by more than 2 km/s due to significant 
losses that arise from the prompt expansion of the launcher walls when exposed to gas pressures reaching 5 GPa. The 
expanding reservoir simulation corresponds to a case where the IBC has been coupled to a radial hydrocode to simulate the 
radial expansion of the reservoir under the high gas pressures. Past results have shown good agreement between 
experimental terminal projectile velocities and those predicted by expanding reservoir simulations [6]. For reference Figure 
4a also includes the terminal projectile velocity (8.1 km/s) measured for the same launcher configuration in a separate 
experiment [8]. 
 As can be seen, in Figures 4a and 4b, there is a large discrepancy between the measured acceleration profile of the 
projectile and the model results. In both the ideal and expanding simulations, the projectile driving pressure decays much 
faster than the measured pressure, resulting is a significantly slower acceleration. Although the discrepancy between the 
expanding simulation and the experimental data is particularly large, the terminal projectile velocity predicted by the 
expanding simulation (8.3 km/s) is close to the experimental measurement cited above (8.1 km/s). It is believed that the 
terminal velocities measured in previous experiments may have been significantly lower than the maximum projectile 
velocity due to the use of excessively long launch tube lengths. A projectile travelling into a channel of atmospheric air at 
8 km/s can generate pressures approaching 100 MPa, which could slow down a typical IDL projectile by 1 km/s over typical 
barrel lengths of 100 projectile diameters. This theory is corroborated by the measured projectile velocity profile presented 
in this work, which despite being cut-off by the PDV system limitations, appears to plateau well above the measured 
8.1 km/s velocity (Figure 4a). Furthermore, recent experiments have been performed with similar launchers with 
significantly shorter launch tube lengths (40 projectile diameters), which has resulted in significantly higher terminal 
projectile velocities (9.1 to 9.5 km/s).  
From Figures 4a and 4b, it appears that the ideal simulation has better agreement with the PDV data than the expanding 
reservoir simulation, despite the fact that ideal simulations systematically over predict projectile terminal velocity 
(10.2 km/s in this case). As was stated above, both models under predict projectile acceleration, which seems to indicate that 
there is another non-ideal effect not considered in either simulation that is having a sufficient positive effect on projectile 
acceleration to offset losses (including reservoir expansion) early in the launch cycle and accelerate the projectile at a faster 
rate than the ideal model. 
5. Mechanisms for Anomalous Projectile Acceleration 
This section will explore the three most likely mechanisms for the cause of the higher than anticipated projectile 
acceleration observed during the experiment:  real gas effects, re-compression of the driver gas, and ablation in the driver 
Figure 4: Comparison of the data from the down-bore velocimetry experiment to an internal ballistics model of the launcher: (a) projectile velocity as a 
function of time, (b) projectile driving pressure and acceleration as a function of position. 
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tube. The computational model presented in the previous section will be used to simulate these non-ideal effects in order to 
compare their influence on projectile acceleration to the phenomenon observed in the PDV data. 
5.1. Real Gas Effects 
It is well known that real gas effects in two-stage light-gas guns lead to higher terminal projectile velocities than those 
predicted by ideal gas models. The density of the hydrogen driver gas is sufficiently large that inter-molecular repulsive 
forces lead to a higher speed of sound [1]. Seigel demonstrated theoretically that molecular covolume effects can lead to 
significant increases in the average driving pressure of projectiles in a chambered single-stage light-gas gun [13], which has 
a similar launch cycle to the IDL. It is therefore of interest to examine the effect of including a more complete equation of 
state on the results of the IBC. For this purpose a tabular equation of state based on the SESAME tables [14] was 
incorporated into the IBC. These tables capture the effects of intermolecular forces caused by the high gas density as well as 
the variation in the specific heat caused by the elevated temperatures. A simulation including real gas effects and reservoir 
expansion was computed. The results can be seen in Figure 5 where the simulation is compared to both the PDV data and 
the original expanding reservoir simulation with an ideal gas equation of state. As can be seen, the real gas equation of state 
appears to have little effect on the results of the simulation, indicating that real gas effects are likely not the cause of the 
anomalous projectile acceleration. 
5.2. Re-Compression of the Driver Gas 
The length of the IDL reservoir is typically tailored such that the reflected shock wave moving towards the back of the 
launcher reaches the “sealing cone” (see Figure 1) as the detonation reaches the end of the driver. At this point there is the 
potential for the imploding sealing cone to re-reflect the shock wave. In theory this can generate very large pressures and 
result in an increase in the projectile driving pressure [12]. Although this effect has been observed in simulations where the 
piston is made to advance into the sealing cone area, it is unclear whether the pressures generated by the rigid planar piston 
in the simulation could be generated in a real system. Included in Figure 5 is a curve showing the projectile velocity profile 
for a launcher in which the piston was made to advance an additional two driver diameters into the reservoir. An inflection 
point can clearly be seen where the effect of the re-compression of the driver gas is felt by the projectile. This effect, if 
observed at all, would only affect the projectile acceleration profile near the end of its acceleration and therefore cannot 
explain the high initial projectile acceleration. 
5.3. Ablation in the Driver Tube 
The shock compressed helium gas has a very high velocity, temperature, and density as it travels down the driver tube in 
the initial stages of the launch cycle. This leads to significant ablation of driver tube material [15], some of which is 
expected to be entrained into the flow. Previous ablation studies related to two-stage light-gas guns have focused on ablation 
in the launch tube section, where the resulting increase in the average molecular weight of the gas leads to a decrease in 
Figure 5: Projectile velocity as a function of time for three simulations incorporating non-ideal models of launcher operation as well as  the down-bore 
velocimetry experiment and the expanding reservoir simulation. 
236   Justin Huneault et al. /  Procedia Engineering  103 ( 2015 )  230 – 236 
projectile velocity as the driver gas must now accelerate both the projectile and the ablated wall material [16]. The ablation 
present in the driver of the IDL is expected to have a significantly different effect on the launch cycle due to the fact that the 
polluted gas has a large initial particle velocity. The higher molecular weight of the gas results in the explosive doing more 
work on the gas, which leads to an increase in the energy available to accelerate the projectile. The column of compressed 
gas between the virtual piston and the shock wave will contain a linearly increasing (toward the shock) mass of ablated wall 
material due to the fact that the gas near the back of the column has travelled a further distance along the driver tube. During 
the initial stages of projectile acceleration, the reflected shock wave will stagnate the increasingly heavy gas towards the 
back of the compressed gas column, which causes a rise in the pressure behind the shock and leads to higher than expected 
projectile accelerations.  
The effect of ablation on the launch cycle of the IDL has been simulated using a simplified version of the ablation model 
developed by Bogdanoff [16]. The model computes the convective heat transfer at each computational cell and assumes that 
this energy goes into ablating the wall material. A tuning parameter is used to correct for the fact that a portion of the 
ablated material will be caught in the driver boundary layer [9] and not mix with the driver gas. The IBC simulation 
incorporating both the ablation model and the expanding reservoir model is shown in Figure 5. As can be seen, the ablation 
model shows excellent agreement with the PDV data, which indicates that the stagnation of the polluted driver gas is 
increasing the projectile driving pressure beyond that of the standard model. It is important to note that the ablation model is 
relatively simplistic and contains a tuning parameter which was adjusted to fit the PDV data. Despite the limitations of the 
model, it appears that ablation could be the mechanism responsible for the anomalous projectile acceleration observed in the 
PDV experiment. 
6.  Conclusion 
A down-bore velocimetry experiment was performed on an implosion-driven launcher using a photonic Doppler 
velocimetry system. The projectile acceleration, which was tracked up to 7.8 km/s, was significantly higher than the 
predictions of an internal ballistics model for the launcher. A simple ablation model has been used to demonstrate the 
possibility that the high rate of projectile acceleration is caused by the mixing of ablated driver wall material with the 
helium gas in the compression stage, leading to higher pressures as the gas is stagnated in the reservoir. It is possible that 
launch cycle concepts could take advantage of the ablation effect to increase the velocity potential of the launcher. 
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